; 7Department of Applied Mathematics, University of Leeds, Leeds LS2 9JT, UK Theoretical and computational¯uid dynamical techniques are employed to predict the twodimensional turbulent air¯ows which are created by an Aaberg slot exhaust hood, which is reinforced by a two-dimensional wall jet¯ow. The aim of the two-dimensional model is to numerically reveal the characteristics of the air¯ow in the central plane of the Aaberg workbench. A further development of the potential model is through the inclusion of the ®nite slot. We have found that the numerical results for the streamlines and the lines of constant speed produced by the potential¯ow model are in good agreement with those obtained when using the full turbulent¯ow model and the air velocity distribution predicted by both the potential and turbulent models agree very well with all the available experimental data. The comparison between the potential and the turbulent models reveals that the potential model has the advantage over the turbulent model in that there is much less uncertainty in the results obtained due to the more accurate speci®cation of the boundary conditions on the open boundaries at large distances from the hood. 7
INTRODUCTION
Local ventilation systems, often called`hoods', are used in many industries and are designed to remove contaminant from a region close to the source(s) of the generation by the withdrawal of air and contaminant. The eect of traditional local exhaust hoods on the movement of air in a ventilated space is very limited since exhaust air¯ows towards the opening of the exhaust hood evenly from all directions. This results in a sharp decrease in the air velocity with increasing distance from the exhaust opening, for example in two-dimensional¯ow the air speed decreases has an approximate inversely proportional relationship to the distance of the air from the exhaust opening. The polluted air may escape if the air¯ow induced by the hood is weaker than the air¯ow induced by diusion, buoyancy or background disturbances. Therefore, coniderable energy is required in order to exhaust the polluted air which is produced over a region close to the source of the contaminant located at a large distance from the exhaust opening. By using a jet¯ow, the Aaberg exhaust hood creates a jet-induced¯ow which restricts the air being withdrawn into a small region of space where the air speed towards the exhaust hood has been signi®cantly increased. In comparisons with traditional exhaust hoods, the Aaberg exhaust system can signi®cantly improve the capture eciency of the hood.
Since the 1980s much attention has been paid by both experimentalists and theoreticians to revealing the mechanism of the motion of the air and pollutant in order to take advantage of the Aaberg principle. Experimental investigations and analyses on the Aaberg exhaust systems with a circular hood have been performed by Hogsted (1987) , Hyldgard (1987) , Pedersen and Nielsen (1991) and Saunders (1991, 1993) . In particular, Fletcher and Saunders (1991) observed that in order to overcome the eect of background air disturbances an air velocity of about 0.25 ms À1 in the eective capture region is required to prevent the diusion of the contaminant into the surrounding air. Braconnier et al. (1986) conducted experiments on an Aaberg workbench which was 0.8 m wide and 1.0 m long and with a slot hood of height 0.25 m and width 0.8 m. When the air velocity at the slot was between 0.81 and 3.06 ms
À1
, it was found that the capture eciency was 1.5±3.7 times higher than that obtained when using a conventional exhaust system, and this was observed even when there were lateral drafts of velocity range 0± 2.0 ms À1 in the vicinity of the source of the tracer gas. Pedersen (1993) experimentally investigated an Aaberg slot exhaust hood with a 2.6 Â 2.6 m 2 workbench and found that the enhancement of the surface air velocity at the workbench induced by the Aaberg slot exhaust hood is similar to that of the circular Aaberg exhaust hood he had previously tested. Pedersen (1991 Pedersen ( , 1993 has also found that the capture eciency may be about three times higher than that found for conventional slot exhaust systems when there are cross-air-¯ow velocities between 0 and 0.6 ms
. Pedersen also found that the most ecient condition exists when the vertical distance between the exhaust slot and the surface of the bench is 0.4 m and when the ratio of the momentum of the injected¯ow to the suction¯ow, I, is 0.6. Finally, it should be noted that in the experiments of both Braconnier et al. (1986) and Pedersen (1991 Pedersen ( , 1993 , the tracer gas source was placed in the median plane of the workbench in which the air¯ow may be assumed to be approximately two-dimensional and it is in this plane that we have compared our results with those obtained using both the potential and turbulent models developed in this paper. Hollis (1995) performed experiments on an Aaberg workbench that was 746 mm long and 507 mm wide. He measured the centre plane air velocity distributions and the capture eciencies for dierent wall jet heights and momentum ratios with a ®xed exhaust velocity of 3.0 ms À1 both with and without the presence of a two-dimensional heated manikin in the working position. He found an increase in the air velocity just above the surface of the workbench with an increase in the momentum ratio, which con®rms the phenomenon revealed by Braconnier et al. (1986) and Pedersen (1993) . However, unlike the experiments of Braconnier et al. (1986) and Pedersen (1993) , he located the tracer gas source on the work surface at a distance of 250 mm from the main suction hood and 300 mm to one side of the central plane, which is about 30 mm from the side wall of the workbench. In contrast to previous experiments, in all of his experiments he found the capture eciency of the workbench was less than that for the workbench operated with only a conventional suction extraction system. Hollis (1995) did not explain the reason for this contradictory phenomenon but it appears to indicate that a reduction in the level of the contaminant in the room cannot be reached by simply increasing the suction and blowing velocities. However, the ratio of the momentum of these two air¯ows must be carefully adjusted and this ratio will depend on both the location and the nature of the contaminant.
Since 1992 Hunt and Ingham have employed a combination of analytical and numerical solutions of the governing mathematical equations. In particular, Hunt and Ingham (1992, 1996 ) developed a theoretical model for the axisymmetric¯uid¯ow of the Aaberg exhaust hood in which they produced a potential¯ow model for the air¯ow due to the jet and the exhaust¯ow. Their analysis revealed that the air¯ow of the Aaberg circular hood is characterized by three parameters, namely: the ratio of the jet nozzle width to the diameter of the exhaust ange; the ratio of the radii of the exhaust inlet to the exhaust¯ange; and the ratio of the air speed at the face of the exhaust inlet to the initial speed of the radial jet. They also noted that these three parameters are encompassed in the single parameter considered experimentally. Hunt and Ingham (1993) used the potential¯ow model and the ®nite-dierence method and Hunt (1994) employed the turbulent k-E model on a commercial CFD code to analyse the two-dimensional air¯ow of the Aaberg slot exhaust hood, which has an in®nite width. There is good agreement between the results obtained from these two models for the air velocity near to the surface of the workbench and with the experimental data. Further, although the results produced by the potential¯ow model and the k-E model look very similar, there is a lack of detailed comparison in the literature between these two models.
A full experimental and computational investigation into the Aaberg slot exhaust hood has been performed by Kulmala (1998) . He employed the mathematical model developed by Hunt and Ingham for the potential¯ow and the turbulent k-E model to simulate the air¯ow and the distribution of the contaminant. Kulmala (1998) also veri®ed the numerical predictions produced by these two models with his experimental measurements of the air velocity, capture eciency and the distribution of the contaminant and he found, under normal operating conditions, that these two models predict well the mean air¯ow in front of the hood, but it became inaccurate when the exhaust¯ow rate was too small, or when the momentum ratio, I, was too large.
This paper presents a further development of the potential¯ow model, initially developed by Hunt and Ingham. This new development has been made by deriving the analytical solution for air¯ow into an exhaust slot with a ®nite width. It should be noted that if the ®nite-dierence method is used to solve the Laplace equation for the potential¯ow model then on the open boundary, at large dis-tances from the exhaust opening, the boundary conditions as given by the solution for the potential ow when the slot is treated as a line sink should be employed. A computational¯uid dynamics (CFD) technique is also employed to simulate the full two-dimensional turbulent air¯ow and the calculations are performed for the same Aaberg slot hood which was experimentally tested by Pedersen (1993) . The turbulent¯ows are simulated by employing mainly the standard k-E model, although the Reynolds stress model has also been used and the results obtained have been compared with those obtained from the standard k-E model. The comparison between the simple potential model and the turbulent models shows that the potential model agrees very well with the turbulent models and this suggests that the potential model is a very valuable tool in the design of the Aaberg slot hood.
THE MATHEMATICAL MODELS
A schematic diagram of the Aaberg slot exhaust hood is shown in Fig. 1 . The system is operated by drawing the air with an average velocity u i into the slot, which has a width S, and injecting the air vertically with an average speed u j from the jet nozzle, which has a width b. The vertical distance between the surface of the workbench and the jet nozzle is denoted by p, the vertical distance between the surface of the workbench and the central line of the slot is denoted by h s , and the height of the slot is denoted by h. In this study we are interested in further developing the mathematical model for the air-¯ow pattern generated by this system. Further, we assume that the contaminant, which is released from close to the surface of the workbench, is neutrally buoyant, that is it has the same density as the surrounding air, and that this means the existence of the contaminant in the¯ow ®eld has no eect on the air¯ow. Further, the air¯ow is assumed to be steady and of constant density. In order to develop a mathematical model we consider only the¯ow pattern on the central plane, that is we assume a two-dimensional¯ow, and the solution domain is shown in Fig. 2 . In practice, the air¯ow in the Aaberg slot exhaust hood is at a high Reynold's number and the mathematical models, which are commonly used for such¯uid¯ows, are either potential or turbulent. In this paper we develop a twodimensional potential¯ow model and use both the potential model and the full turbulent models to predict the air¯ow in front of the Aaberg slot exhaust hood.
The potential¯ow model
Under the assumption of two-dimensional, irrotational and inviscid¯uid¯ow, the Navier±Stokes equation simpli®es to the Laplace equation
where c is the streamfunction and u and v are the x and y components of the air velocity, respectively, and are de®ned by
Because the governing Eq. (1) is linear, the solution of the potential air¯ow may be obtained by the combination of the solutions of simple¯ows. When the slot is treated as a line sink then the solution of the potential¯ow of the Aaberg slot exhaust system shown in Fig. 2 is the combination of the solutions of the potential¯ows induced by the jet and the¯ow into the sink. Clearly, this solution of the potential¯ow cannot produce an accurate solution in the vicinity of the slot, but it can produce an accurate solution at large distances from the exhaust hood. When using the ®nite-dierence method to solve the Laplace Eq. (1) then this solution is very useful for prescribing accurate boundary conditions on the open boundary of the solution domain, that is at large distances from the hood. When the eect of the width of the slot opening is considered, the solution of the potential¯ow is the combination of the solutions of potential ows induced by the jet and the potential¯ow into the slot channel. In order to obtain the solution of the potential¯ow we ®rst obtain the solutions of the following simple¯ows, namely:
. the potential¯ow induced by the jet;
. the potential¯ow into a line sink; and . the potential¯ow into the slot which has a ®nite width.
Potential¯uid¯ow induced by a jet. When the air emanates from the nozzle at x p and y 0, the air¯ow consists of a very narrow viscous-dominated jet¯ow and an inviscid air¯ow outside the jet (see Fig. 3(a) ). Hunt and Ingham (1992) obtained the solution for the streamfunction at the outer edge of the boundary of the jet¯ow and this is given as follows:
where r is the distance between the point at the outer edge of the jet from the jet nozzle, and the coecient A is given by
where C is a constant and its value depends on whether there is a free or a wall jet. When solving the potential¯ow for the jetinduced¯ow [see Fig. 3 (b)], Hunt and Ingham (1992) obtained the solution which is given by
Flow due to the sink. When the exhaust slot, which has a ®nite width, is simpli®ed by assuming that it is a line sink located at the middle of the exhaust opening (Fig. 4) , then the solution of the potential¯ow into the slot is given, in complex variable notation, by 
and the complex air velocity is given by
where z x iy, m i is the air¯ux per unit width into the slot and f s and c s are the potential and streamfunctions, respectively. Thus, for the air¯ow due to the sink then both the streamfunction and the air velocity are explicitly determined at any location in space through Eqs (7) and (8).
Flow into the exhaust slot. In order to obtain the solution for the potential¯ow [see Fig. 5(a) ], we transform the solution domain in Fig. 5(a) onto the upper half plane of the auxiliary plane t [ Fig. 5(b) ] by using the following Schwartz±Christoel transformation
where t Z ix, the points B, C, D, E and I on the z plane in Fig. 5 (a) correspond to the points 1, 0, d, À1 and I on the t plane and the parameter d is determined from the equation
In the auxiliary t plane in Fig. 5(b) , the solution for the complex potential function, w s , is given by
and the complex velocity is given by
Using the condition at the point B that z h S when t 1, then z is related to t by the expression
When the parameter d and the¯ux m i are given then the ratio of h to S and the solution for the streamfunction, the potential function, the air velocity components, and the coordinates x and y are explicitly given by the variable t through Eqs (10)± (13). However, if h and S are prescribed then we have to solve Eq. (10) for the parameter d.
When the slot is¯ush with the surface of thē oor, that is h 0d À1, a simple closed analytical solution may be obtained in the form
Equations (11), (14) and (15) also explicitly produce the solution in terms of the auxiliary variable t. The analytical solution for the Aaberg exhaust hood. Now that the solutions for the simple¯ows described above have been obtained, we combine the solutions for the jet-induced and the exhaustslot¯ows to produce the solution of the potential ow for the Aaberg exhaust hood and the streamfunction, which is given by
where cs is calculated from Eq. (11) for the¯ow into the ®nite slot, or from Eq. (7) for the¯ow into the line sink. In the vicinity of the slot then, the solution for the line sink is not accurate but at large distances from the exhaust slot, where jzjaS ) 1 (or jtj ) 1), both the solutions for the ®nite slot and the line sink produce virtually the same streamfunction and air velocity. Normalizing the streamfunction by the¯ux of the air through the exhaust slot, m i , gives rise to Air¯ow at Aaberg slot exhaust hoods 379
where G is the operating parameter, which is de®ned by
The ®nite-dierence method. When the eect of the exhaust inlet size is considered and the exhaust slot is not¯ush with the surface of the workbench, one has to solve the non-linear Eq. (10) for the parameter d when h and S are speci®ed and in such circumstances the ®nite-dierence method is also a very ecient method to employ. In this paper the boundary conditions on the open boundary, which must be imposed properly, is given by using the solution when the slot is treated as a line sink, namely by Eq. (16) in which c s is given by Eq. (7) because at large distances from the exhaust slot it produces the same solution as that given by Eqs (10)±(13) when the exhaust slot is of a ®nite size.
When employing the ®nite-dierence method to solve the potential¯ow shown in Fig. 5(a) , the governing equation is the Laplace Eq. Operating parameters. A very common parameter, which is used to characterize the operating condition of the Aaberg exhaust hood, is the momentum ratio, I, which is de®ned by
where m j is the volume¯ux of the air which is injected with an initial average speed u j and m i is the volume¯ux of the exhausted air which has an average speed u i .
For the two-dimensional slot, the momentum ratio takes the following form:
where S and b are the widths of the slot and the jet nozzle, respectively (see Fig. 1 ). The potential model produces an operating parameter, G, which is given by the expression (12), namely
This expression was derived by Hunt and Ingham (1993) from the analysis of the two-dimensional turbulent free jet in which the constant C takes the value 0.31. For the two-dimensional turbulent wall jet, Hunt (1994) derived a formula for the streamfunction at the outer edge of the wall jet, but he also suggested that the streamfunction on the outer edge of the wall jet may be approximately calculated by the formula for the free jet with a modi®ed value for the empirical constant, C. In the case of the free jet only, half of the jet¯ow contributes to the enhancement of the jet-induced¯ow, whilst in the case of the wall jet all the¯uid in the jet contributes to the enhancement of the jet-induced¯ow. Therefore, for the wall jet¯ow the value of C should be larger than 0.31. We found that when C 0X37 the results produced by the k-E model and the potential model are very close. Therefore, for the wall jet we use C 0X37X
The turbulent¯ow models In this paper we have also used a turbulent¯ow model to simulate the two-dimensional steady and turbulent air¯ows for the Aaberg slot exhaust hoods. If the standard k-E model, as developed by Launder and Spalding (1974) , is employed then the governing equations are as follows: The continuity equation:
The momentum equations:
where r, u and v are the density and the x and y components of the air velocity, respectively, p is the pressure and m e is the turbulent viscosity, which is computed by the following equations:
The turbulent kinetic energy equation:
The turbulent kinetic energy dissipation equation: 
where the quantities m e , k, E and F are the turbulent viscosity, the turbulent kinetic energy, the turbulent kinetic energy dissipation and the turbulent generation, respectively. The empirical constants chosen in all the calculations presented in this paper are as follows:
These values for the constants are based on an extensive examination of dierent¯uid¯ows (see, for example, Launder and Spalding, 1974) , and they are widely used in numerous industrial applications. The control volume method and the SIMPLE algorithm (see Patankar, 1980) , are employed to obtain the numerical solutions of the governing equations. At the exhaust slot and the jet nozzle, uniform velocities u i and u j are speci®ed whilst the no-slip conditions of u v 0 and the wall function method are applied on the wall. The turbulence intensity at the jet nozzle is assumed to be 20% and at the inlet of the slot it is 10%. Values for the turbulence intensities from 5 to 25% have been used in our calculations, but we have found that the air velocity distributions and the streamlines in the solution domain change by less than 1%. Further, the open boundary is located at a suciently large distance from the exhaust system such that any further increase in the solution domain has a negligible eect on the¯ow pattern near to the exhaust system. When solving the full Navier±Stokes equations then diculties arise in specifying the boundary conditions on the open boundary since we know little about the behaviour of the air¯ow at large distances from the hood. Because of these diculties we have tried several dierent sets of boundary conditions. Dierent solutions may be produced by the use of these dierent sets of boundary conditions and therefore the in¯uence of the boundary conditions on the open boundary have been tested by applying the following boundary conditions: (i) d uad n d vad n 0, which implies that the¯uid ow is fully developed; (ii) p constant and the use of linear extrapolation for the components of the air velocity, which implies that the variation in the pressure at large distances from the hood is small; and (iii) p ru 2 v 2 2 constant, and the use of linear extrapolation for the components of the air velocity. This is the Bernoulli equation for the potential¯ow which holds when the shear stresses in the¯uid are negligible.
We have found that the numerical results produced by all three sets of boundary conditions have signi®cant dierences at large distances from the exhaust slot and near to the surface of the workbench. However, the results produced by the use of the boundary conditions (ii) and (iii) are in good agreement, especially near to the exhaust system and it is in this region where we are most interested because it is here where the contaminant is mainly concentrated and therefore in this study the numerical results of the turbulent models are produced by applying the type (iii) boundary condition on the open boundary. In fact the physical conditions at large distances are such that the shear stresses in the air are small. However, if the default boundary condition, which is often used in commercial software codes, is employed then this corresponds to the boundary condition (i). Clearly the¯ow is not fully developed' at large distances from the exhaust hood and hence the boundary condition (i) is not appropriate.
RESULTS AND DISCUSSION
The workbench used in the HI experiments of Pedersen (1991) (see Fig. 7 ), has a full-length main suction slot which is 2.6 m long and which is¯ush with the surface of the workbench, which has a width 2.6 m. The¯ange is one face of the body of the exhaust system and it is 0.2 m by 0.4 m and the height of the workbench is 0.5 m. The opening of the jet nozzle has a width 0.002 m and it is located at a height of 0.23 m above the surface of the bench and the exhaust slot opening has a width 0.03 m. The experiment was performed for a ®xed-slot inlet velocity u i 3X7 ms À1 and for momentum ratios, I, between 0.0 and 2.5 and the operating parameter, G, varying from 0.0 to 1.65, which have been evaluated by taking a value of 0.37 for the constant C. The numerical results have been obtained under the same geometrical and operating conditions as those used in the experiments performed using Pedersen's HI series. It should be noted that in the numerical computations presented in this paper, the air¯ow and the geometries of the experiment have been simpli®ed into a two-dimensional problem, which gave a good description of the characteristics of the air¯ow in the central plane of the workbench and this is where the experimental data were obtained. The computational domain for the turbulent¯uid ow model covers an area of 7.5 Â 5.0 m 2 with a non-uniform grid system of 140 Â 100, whereas the computational domain for the potential model covers the area within 0y5X0 m and 0x5X0 mX
In order to illustrate the characteristics of the air¯ow patterns which have been obtained we use the total¯ux of air per unit width along the slot, that is m u i S, to be the normalized value of the streamfunction. For convenience we take the streamfunction to be c 1 on the dividing streamline, which is the surface that divides the air travelling towards the exhaust inlet from that entrained into the jet-induced¯ow. Thus, the capture region is the region bounded by the streamlines c 0X0 and c 1X0X Clearly, only the contaminant, which is in this capture region, may be exhausted and this only occurs if it has not already been diused into the jet-induced ow. Figure 8 illustrates the streamlines in the vicinity of the workbench for the operating conditions I of 0.0, 0.5, 1.1, 1.5 and 2.5, or G of 0.0, 0.735, 1.09, 1.27 and 1.65, respectively. When there is no jet¯ow, namely I G 0X0, Fig. 8(a) shows the streamlines produced by the k-E model and the potential model. Both the potential and the k-E models predict that air is drawn towards the slot inlet from all directions and that the exhaust system is non-selective and performs in the same way as a traditional¯anged slot exhaust. In front of the exhaust hood the streamlines produced by the potential model are in very good agreement with those predicted by the turbulent k-E model. At the two top corners of the¯ange the potential model predicts that the streamlines are closer to the¯ange than they are for the full numerical solution and this is Figures 8(b) and (c) illustrates the streamlines when the jet has been introduced and show that there is a dramatic eect on the overall air¯ow pattern owing to the introduction of the jet¯ow. As the value of the momentum ratio, I, or G, increases then the jet-induced¯ow occupies a larger portion of the¯ow domain and this results in a reduction of the region occupied by the capture region and also the dividing streamline is forced towards the surface of the workbench. Within the region which is close to the exhaust hood the streamlines in the capture region change signi®cantly when the momentum ratio, I, increases from 0.0 to 1.1, but are much less aected by the jet¯ow when I 1X1X This is because the air¯ow near to the exhaust hood is mainly determined by the location of the jet. With increasing distance from the exhaust hood, the¯ow pattern is mainly aected by the momentum ratio and the location of the jet nozzle. From this observation and analysis, we conclude that G is a more reasonable operating parameter than the momentum ratio since it includes the vertical distance between the jet nozzle and the surface of the workbench, p, the width of the slot, S, and also the momentum ratio, I. When the dividing streamline is closer to the surface of the workbench, the air velocity in the capture region becomes larger and thus with an increase in the strength of the jet, namely an increase in the value of I or G, the air is selected from a narrower and more well-de®ned region near to the surface of the workbench. This phenomenon, which has been revealed by the numerical solution in this paper, is consistent with the experimental observations of Pedersen (1991) . In general, Fig. 8(b) ±(e) reveals good agreement between the potential model and the k-E model, especially in the capture region where very good agreement has been achieved. It is observed that on increasing I, or G, the streamlines predicted by the models are increasingly improved. However, in the region of the jet-induced¯ow, the dierence between the streamlines predicted by the k-E model and the potential model increases with an increase in the distance from the surface of the workbench. The potential¯ow model automatically satis®es the boundary conditions at very large distances from the hood but when using the full turbulent models only approximate boundary conditions are enforced at a large distance from the hood. Therefore, the potential model has the advantage of providing a simple unique solution, while the full turbulent models produce dierent solutions for the dierent speci®cations of the boundary conditions on the open boundary. However, these dierences are small in the region close to the exhaust system.
When employing the ®nite-dierence method to solve the Laplace equation, we use the solution of the potential¯ow when the slot is treated as a line sink to specify the boundary conditions on the open boundary. This is based on an accurate solution far away from the slot, namely when raS ) 1 where r is the distance from the slot. In fact when at distances raSr100, the solution for the ®nite width slot is almost identical to the solution for the line sink slot. In our calculations the distance between the open boundary and the slot is 5.0 m, which is approximately 160 times that of the slot size and thus this guarantees an accurate boundary condition on the open boundary. Hunt and Ingham (1992) derived a formula to accurately specify the , which is much larger than the solution domain used in this study. Therefore, if we use the solution for the potential¯ow as given by Eqs (9) and (12) on the open boundary then a smaller solution domain is needed when using the ®nite-dierence method.
The lines of constant speed in the capture region are very important for the capture eciency since the air is the carrier of the contaminant. In the capture region only the contaminantÐwhich is enclosed in the region where the air speed is higher than the random air speed (which later on we assume to be the same as that given by Fletcher and Saunders (1993) , namely 0.25 ms À1 )Ðmay be eectively captured. For convenience, we introduce a non-dimensional air speed which is de®ned as:
Prior to the jet being introduced, that is I G 0X0, Fig. 9(a) shows, through the contours of the constant non-dimensional air speed, a rapid decrease in the air speed with an increase in the distance from the exhaust slot and this is because, as previously noted, the air speed reduces, approximately, inversely as the distance from the slot exhaust increases. In this situation the distribution of the air speed predicted by the potential model and the k-E model are in good agreement in front of the exhaust system. A signi®cant increase of the air speed in the capture region can be observed in Fig. 9 (b)±(e) when the jet speed is 10.14, 15.04, 17.57 and 22.70 ms
À1
, that is I equal to 0.5, 1.1, 1.5 and 2.5, or G equal to 0.735, 1.09, 1.27 and 1.65, respectively, and both the potential model and the k-E model predict very similar lines of constant speed.
The k-E model predicts a low air speed zone (boundary layer) near the surface of the workbench due to the no-slip condition for the air velocity, whilst the potential model produces a higher speed near the surface of the workbench since the air is assumed to be inviscid. Typically, the thickness of the boundary layer near the surface of the workbench is inversely proportional to the square-root of the local Reynold's number. In the capture region it is observed that the dierence between the contours of constant speed, as predicted by the potential model and the k-E model, is caused by the existence of the boundary layer near the surface of the workbench. Further, a better agreement between the two models is observed in front of the exhaust system when I, and G, is larger than 0.0. In the solution domain shown in these ®gures, the contours of constant speed produced by the potential model and the k-E model appear to be approximately circular in shape and in the capture region near the exhaust system the contours of constant speed are almost perpendicular to the streamlines. However, for I 2X5 and G 1X65, the potential model predicts a higher air speed near the surface of the workbench. Further, from these contours for the non-dimensional speed, C v , it is expected that an increase in the air speed in the capture region may be achieved by increasing the suction velocity at the exhaust slot.
Despite some detailed dierences between these models, the global features of the contours of constant speed produced by these models agree very well. On applying the numerical results obtained for the lines of constant speed, as given in Fig. 9 (b)±(e), and the capture speed, which is 0.25 ms À1 , as suggested by Fletcher and Saunders (1993) , to the experimental operating conditions of Pedersen (1991) in which the air speed, u i , at the exhaust inlet was 3.7 ms À1 , the capture region is the area where the non-dimensional air speed, C v , should be larger than 0.067. Figures 9(b)±(e) reveals that the capture distance is yap 1X15 when there is no jet¯ow and then the capture distance becomes y/p equal to 2.26, 3.52, 4.62 and 6.83 when I is 0.5, 1.1, 1.5 and 2.5, respectively. Thus, the capture distance is ®ve times larger when I 2X5 than when using the conventional exhaust system. Pedersen (1993) measured the horizontal component of the air velocity at points which were 7 mm above the surface of the workbench on the central plane of the Aaberg exhaust slot hood. Figure 10 shows the variation of the horizontal component of the air velocity as a function of the distance from the exhaust hood as predicted by the potential model, the k-E model and the measured data obtained by Pedersen (1993) . Both the experimental data and the numerical solutions show an increase in the air speed near the surface of the workbench when I, or G, increases. It is observed that there is very good agreement between these two mathematical models and the experimental data. In general, the potential model predicts a slightly higher air velocity in comparison with the experimental measurements and the predictions from the k-E model are slightly closer to the experimental data than are the results obtained from the potential model. This is because of the eect of the no-slip boundary condition on the air velocity at a distance of 7 mm from the surface of the workbench and clearly the k-E model can reveal this eect better than the potential model. Also, from Fig. 10 , we observe that under all the operating conditions investigated, the potential and the k-E models produced air speeds that decrease monotonically with an increase in the distance from the exhaust hood and the experimental data also have the same variation, except when I, or G, take very large values. Although it is not clear as to why the experimentally measured air speed takes on this variation, it is found that the theoretical, numerical and experimental results are, in general, in very good agreement.
Numerical solutions have also been produced by employing the Reynold's stress model in order to compare the results obtained when using the k-E model. It was found that both the k-E model and the Reynold's stress models produce almost indistinguishable streamlines and air velocity distributions. This is because in most of the solution domain the streamlines do not undergo a strong curvature and the turbulence structure appears to be approximately isotropic. Therefore, we may conclude, for the two-dimensional turbulent¯ow of the Aaberg slot exhaust hood, that the k-E model can be used with con®dence.
CONCLUSIONS
In this paper a further development has been made to the potential model ®rst developed by Hunt and Ingham (1992) by implementing an analytical solution for the air¯ow through a slot with a ®nite size and specifying the boundary condition on the open boundary, that is at large distances from the hood, using the solution obtained from the potential¯uid¯ow when the slot is treated as a sink. On comparing the results predicted by the potential model and the turbulent models we conclude the following:
1. The potential¯ow model, which automatically produces the exact solution on the open boundary, avoids the diculties that occur when solving the full turbulent Navier±Stokes equations. 2. The potential¯ow model produces results that are in good agreement with those produced by the k-E model. 3. The results obtained by the Reynold's stress model are in good agreement with the results obtained by the k-E model and hence the standard k-E model is adequate for these types of uid¯ow problems. 4. The potential¯ow model reveals that the air¯ow pattern is characterized by the operating parameter G, and this is a better parameter to use than the momentum ratio, I. This is because G includes not only the momentum ratio, I, but also the geometry of the Aaberg hood, namely p, the vertical distance between the surface of the workbench and the nozzle of the jet, and S, the width of the exhaust slot. 5. The potential model, which is simple and has fewer uncertainties in the results, may serve the designer of practical exhaust systems very well and can provide a good guide to the design of more complex exhaust hoods.
